ABSTRACT This paper considers downlink multi-user millimeter-wave massive multiple-input multipleoutput (MIMO) systems in both centralized and distributed configurations, referred to as C-MIMO and D-MIMO, respectively. Assuming the fading channel is composite and comprised of both large-scale fading and small-scale fading, a hybrid precoding algorithm leveraging antenna array response vectors is applied into both the C-MIMO system with fully connected structure and the D-MIMO system with partially connected structure. First, the asymptotic spectral efficiency (SE) of an arbitrary user and the asymptotic average SE of the cell for the C-MIMO system are analyzed. Then, two radio access unit (RAU) selection algorithms are proposed for the D-MIMO system, based on minimal distance (D-based) and maximal signalto-interference-plus-noise-ratio (SINR) (SINR-based), respectively. For the D-MIMO system with circular layout and D-based RAU selection algorithm, the upper bounds on the asymptotic SE of an arbitrary user and the asymptotic average SE of the cell are also investigated. Finally, numerical results are provided to assess the analytical results and evaluate the effects of the numbers of total transmit antennas and users on system performance. It is shown that, from the perspective of the cell, the D-MIMO system with D-based scheme outperforms the C-MIMO system and achieves almost alike performance compared with the SINR-based solution while requiring less complexity.
I. INTRODUCTION
Millimeter wave (mmWave) has been considered as a promising technique for 5G communications to address the bandwidth shortage in conventional cellular bands [1] - [3] . Studies show that mmWave channels have a higher path loss (PL) and significantly less multipath richness than microwave channels [4] . To overcome the increased propagation losses experienced at mmWave bands, massive multiple-input multiple-output (MIMO) technique is introduced to provide both antenna directivity and array gains. The shorter wavelength at mmWave frequencies enables more antennas to be packed in a smaller physical dimension for large scale spatial multiplexing and high directional beamforming. However, a likely high degree of spacial correlation will be generated when placing numerous antennas close together, which leads to loss of orthogonality in mmWave channels [5] .
To reduce the effect of channel correlation on the mmWave system performance, many precoding algorithms are proposed. For a downlink multi-user mmWave MIMO system, in [6] , an array response vector selection algorithm leveraging the channel correlation was developed to prevent the sum rate degradation in the region with numerous users. In [7] , by fully considering channel correlation among users, a joint beam selection scheme for analog domain precoding under discrete lens array was proposed to avoid inter-user interference and maximize system sum-rate. In [8] , a practical precoding scheme with finite-resolution phase shifters utilizing the correlation among the sub-channels was introduced for mmWave MIMO system.
One alternative used in conventional massive MIMO systems to reduce the channel correlation is to adopt distributed antennas. Applying distributed antennas in the massive MIMO systems can reduce the channel correlation, shorten radio access distance and improve the system performance. Therefore, distributed antennas have been successfully applied in many cutting-edge technologies such as Cloud Radio Access Network (C-RAN) [9] and Cell-Free Massive MIMO [10] .
Similar to conventional microwave wireless networks, to implement massive MIMO in mmWave networks, two different schemes can be adopted: centralized and distributed [11] , [12] . In the centralized mmWave massive MIMO (C-MIMO) system as shown in Fig.1(a) , all antennas are co-located at the same location for both the transmit (Tx) and receive (Rx) sides. Thus, the distances from different base station (BS) antennas to the antennas of one user equipment (UE) are almost identical. In the distributed mmWave massive MIMO (D-MIMO) system as shown in Fig.1(b) , the Tx antenna arrays at the BS are deployed at different geographical locations while connected together via high capacity backhaul links such as optic fibers, implying that the distances from different BS antennas to the antennas of a UE are different. The main difference between the conventional distributed microwave massive MIMO system and the D-MIMO system under consideration lies in the distributed element, which is a single antenna for the former but one antenna array for the latter.
In conventional microwave MIMO systems, the fully digital precoding (FDP) is utilized to exploit the full potential of antenna arrays. However, the implementation of FDP requires one dedicated radio frequency (RF) chain per antenna. In practice, considering the prohibitive cost and power consumption, it is not practical to apply it into mmWave MIMO systems. To address this issue, hybrid precoding (HP) consisting of both analog precoding (AP) and digital precoding (DP) has been proposed for mmWave MIMO systems to reduce the number of required RF chains [13] - [17] . The AP is proposed to obtain power gains via phase shifters and perform RF signal processing, while the DP is designed to facilitate multi-stream processing and perform the baseband signal processing. The digital precoder and each RF chain with its connected phase shifters form the baseband processing unit (BPU) and radio access unit (RAU), respectively.
According to the mapping strategy between RF chains and Tx antennas, three main HP structures are commonly adopted: fully-connected structure (FCS) as in [13] - [16] , partially-connected structure (PCS) as in [18] - [20] and hybridly-connected structure (HCS) as in [21] . Each RF chain is connected to all antennas in the FCS, while each sub-array is connected to only a single RF chain in the PCS. In the HCS, each sub-array is connected to multiple RF chains, and each RF chain is connected to all antennas with this subarray in question. Compared with FCS and HCS, the system with PCS has the lowest implementation complexity. Both HCS and PCS can be extended and directly applied into D-MIMO systems.
On the one hand, to date, there are limited literatures about HP in the D-MIMO configuration. In [22] , a distributed HP solution based on a pre-defined codebook with RAU selection capabilities was proposed and analyzed in an indoor distributed antenna system. However, the cell deployment in this paper is rectangular, and the system performance is closely related to the characteristic of the pre-defined codebook. In [23] , a distributed hybrid analog-digital architecture for ultra-dense uplink mmWave massive MIMO heterogeneous networks was introduced. However, this paper does not take PL into consideration, which is a necessary parameter that determines the distributed system performance. On the other hand, only a very few researches about HP in the C-MIMO system consider large scale fading, which includes PL and shadow fading. In [24] and [25] , though PL was taken into account in the mmWave channel model, no further analysis was performed on the large scale fading factor. Moreover, the parameters related to large scale fading were set to one in the simulations, which was equivalent to not considering them. These findings motivate us to consider both the C-MIMO and D-MIMO systems with the composite fading channel model comprised of both large scale fading and small scale fading. The major contributions of this paper are summarized as follows.
• First, for the C-MIMO system, we provide a tight closedform and approximation expressions on the asymptotic spectral efficiency (SE) of an arbitrary located user (see Propositions 1 and 2). The asymptotic average SE of the cell is also obtained (see Proposition 3). These results can be used to predict the system performance and understand its behavior w.r.t the number of antennas, the cell size and the Tx power.
• Then, we consider the D-MIMO system with a practical circular distributed layout, where antenna arrays of the BS are located uniformly on a circle. To improve the system performance, we propose two RAU selection algorithms based on minimal distance (D-based) and maximal signal-to-interference-plus-noise-ratio (SINR) (SINR-based), respectively. With the D-based scheme, the upper bounds on the asymptotic SE of an arbitrary located user and the asymptotic average SE of the cell are derived (see Propositions 5 and 6).
• Finally, numerical results are provided to assess our analytical results, compare the C-MIMO system with the D-MIMO system using D-based or SINR-based RAU selection algorithm and evaluate the effects of the numbers of total Tx antennas and users on system performance. It is shown that, from the perspective of the cell, the D-MIMO system with D-based scheme outperforms the C-MIMO system, and achieves rate performance quite close to the one with the SINR-based solution while requiring less complexity. The paper is organized as follows. In Section II, the system model, channel model and HP algorithm are introduced. Section III and IV derive the associated asymptotic SE of C-MIMO and D-MIMO systems, respectively. Section V presents numerical results pertaining to the developed analysis. Section VI concludes the paper. 
II. SYSTEM MODEL AND HYBRID PRECODING

A. SYSTEM MODEL
In this subsection, we present system models together for the C-MIMO system with FCS and the D-MIMO system with PCS.
Consider a downlink single-cell multi-user mmWave MIMO system. The HP structures for the C-MIMO system based on FCS and the D-MIMO system based on PCS are depicted in Fig.2(a) and Fig.2(b) , respectively. The BS is equipped with N T Tx antennas and N independent RF chains, which meets the constraint N ≤ N T . Each RF chain is connected to all Tx antennas in the C-MIMO system, but one sub-array containing N t Tx antennas in the D-MIMO system. Thus, N T = N N t . There are N data streams transmitted from the BS to K UEs, each of which is equipped with N r Rx antennas. The total number of Rx antennas is denoted as N R , thus, N R = K N r . In both C-MIMO and D-MIMO settings, the number of Tx antennas N T , which meets N T > N R , is on the order of a hundred or more. Assuming N = K , we focus on the multi-user beamforming in which the BS communicates with each UE via only one data stream. Analysis in the cases with N < K and N > K will be our future research topic.
At the kth UE, the Rx signal can be expressed as We assume equal power allocation among different users' streams. The matrix H k ∈ C N r ×N T represents the mmWave subchannel between the BS and the kth UE. In the C-MIMO system, the AP matrix
should satisfy the constant modulus constraint F C RF i,j
In the D-MIMO system, the matrix
To meet the total power constraint, the DP matrix
At the kth UE, the after-processed Rx signal is given by
where w k ∈ C N r ×1 is the RF combiner of the kth UE, which
. Therefore, the ergodic SE of the UE k can be expressed as
So the sum-rate of the system is equal to R = K k=1 R k .
B. CHANNEL MODEL
In this subsection, we first introduce the channel model of D-MIMO system, and then illustrate the differences between the C-MIMO and D-MIMO systems. Unless otherwise stated, the following introduction in this subsection is only applicable for the D-MIMO system. As PL is a necessary element affecting the system performance, the mmWave channel model should not only encompass small scale fading but also large scale fading. For the D-MIMO system, the composite channel matrix H D can be written as
. . .
where H D,k is the channel matrix of the UE k and H D,k,n ∈ C N r ×N t is the sub-channel matrix between the UE k and nth RAU in the D-MIMO system. The matrix H D,k,n is modeled as
whereH D,k,n and β k,n represent the small scale fading matrix and the large scale fading factor of the sub-channel between the UE k and nth RAU, respectively.
The extended Saleh-Valenzuela (SV) model is often used in mmWave channel modeling and standardization [26] . Adopting the model, the matrixH D,k,n can be given bỹ
where L k,n is the number of propagation paths,
is the complex gain of the ith path, and θ i k,n , φ i k,n ∈ [0, 2π ] are the ith path's angles of arrival and departure (AoAs/AoDs), respectively. The parameter L k,n follows a discrete uniform distribution in the range [ 
where L is the maximum of channel paths [27] . The average numbers of multi-paths measured at 28 GHz and 73 GHz non-line-of-sight (NLOS) environment are 4.7 and 3.3 for base station-to-mobile access, respectively [28] . Given the sparsity of mmWave channels, we can assume 5 ≤ L ≤ 10. The vectors a r θ i k,n and a t φ i k,n are the Rx and Tx array response vectors of the UE k and the nth RAU, respectively. In this paper, we assume that each of all the antenna configurations is a uniform linear array (ULA), as the elevation domains in uniform planar arrays (UPAs) and uniform circular arrays (UCAs) increase channel correlation [29] . Thus, a r θ i k,n and a t φ i k,n can be defined as
where
f is the carrier wavelength, c = 3 × 10 8 m/s, and f is the RF carrier frequency.
As in [30] , the large scale fading factor β k,n of the sub-channel H D,k,n can be represented as
where d k,n is the distance from the nth RAU to the UE k, and d 0 is the minimal distance between the UE and a BS antenna, which exists due to the physical implementation. The parameter v is the PL exponent with typical values ranging from 2 to 6, i.e., 2 ≤ v ≤ 6. Though we assume no shadow fading, which is generally assumed to be log-normal, the derived results can be straightforwardly extended to channels with shadow fading. Denote by D the large scale fading matrix, whose (k, n)th element is β k,n . We assume that the BS can have knowledge of all the K ×K large scale fading factors in D and the K ×K instantaneous composite fading sub-channel matrices in H D . In the Time-Division Duplex (TDD) system, the channel reciprocity can be exploited to obtain H D by transmitting uplink reference signals at the Rx sides. In the Frequency-Division VOLUME 6, 2018
Duplex (FDD) system, H D can be obtained via downlink channel estimation and channel feedback [31] . In both TDD and FDD systems, the large scale fading matrix D is a longterm statistic and can be estimated from the uplink reference signals due to the reciprocity of large scale fading factors [32] .
To avoid confusion, we assume that channel parameterrelated variables with both k and n (k, n = 1, 2, · · · , K ) subscripts and an unique k subscript represent the variables used in D-MIMO and C-MIMO systems, respectively. For example, β k,n , α i k,n and L k,n indicate parameters used in the D-MIMO system, while β k , α k and L k are parameters used in the C-MIMO system. The main difference between the C-MIMO and D-MIMO systems is that, the composite channel matrix H C in the C-MIMO system is written as
the large scale fading factor between the UE k and the BS.
In the C-MIMO system, the small scale fading matrix of the kth UEH C,k ∈ C N r ×N T has a similar expression asH D,k,n in (6) . Denote by C the large scale fading vector, whose kth element is β k . For the C-MIMO system, we assume that the BS can have knowledge of C and H C . In this paper, we use the HP algorithm leveraging antenna array vectors proposed in [33] . In the C-MIMO system, the maximum of path gain of the UE k is denoted as α k k . Then, the RF combining matrix of the UE k and the corresponding AP vector at the BS can be represented as
In D-MIMO system, the numbering of RAU used by the UE k and the corresponding maximum of path gain are denoted as n k and α i k k,n k , respectively. Then, the RF combining matrix of the UE k and the corresponding AP vector at the BS can be represented as
respectively. In general, the baseband equivalent channel is given by
It is noted that, in the D-MIMO system, when performing zero forcing (ZF) precoding at the BS with the RAU selection capability, the diagonal elements are not always the desired signals. Considering the correction matrix M, the baseband equivalent channel should be updated asĤ eq = H eq M H . The digital precoder, which performs ZF precoding to eliminate the inter-user interference, can be further written as
where is a diagonal matrix with the diagonal elements adjusted to satisfy the precoding power constraint.
When the numbers of Tx and Rx antennas are large, it follows from [33] that the ergodic SE of the UE k for the C-MIMO and D-MIMO systems can be expressed as
and β k,n k are the SINR of the UE k and large scale fading factor between the UE k and its selected n k th RAU, respectively.
III. ASYMPTOTIC ANALYSIS ON SPECTRAL EFFICIENCY OF THE C-MIMO SYSTEM
In this section, we first analyze the asymptotic SE for an arbitrary UE in the C-MIMO system, and then investigate the asymptotic average SE of the cell assuming randomly uniform user distribution. We consider a circular cell with radius R, as the circular cell is widely used and has been reported to have a similar performance to the hexagonal cell but enjoy more tractable analysis [30] . For the C-MIMO system, we can assume the polar coordinates of the UE k and the BS are (ρ k , δ k ) and (D 0 , ϑ 0 ), respectively. As illustrated in Fig.1(a) , the N T antennas of the BS are co-located at the cell center, which implies that the polar coordinate of the BS is (D 0 , ϑ 0 ) = (0, 0). The distance between the UE k and the BS is denoted as
A. ASYMPTOTIC SPECTRAL EFFICIENCY OF AN ARBITRARY USER FOR THE C-MIMO SYSTEM
In this subsection, the asymptotic SE of an arbitrary UE in the C-MIMO system is derived. Proposition 1: For the C-MIMO system, when the numbers of Tx and Rx antennas are large, the asymptotic SE of the UE k with polar coordinate (ρ k , δ k ) can be obtained as follows:
u du is the exponential integral function.
Proof: Substituting (9) and d k = ρ k into (12), we can get
Under the assumption α k ∼ CN (0, 1), it can be concluded that α k 2 follows an exponential distribution with
the probability density function (PDF) of α k k 2 is given by [34] 
With a similar method used in [33] , we havē
With the help of [35, eq. (4.337.
2)], (17) can be further simplified as (14) .
Unfortunately, though (14) gives a closed-form expression of the SE of the UE, it is so complicated that unable to give some insights. Moreover, the existences of the exponential integral function and binomial coefficients make it difficult to perform a further derivation. In order to gain more insights, we take a step back to (12) and modify the derivation by utilizing the approximation log 2 (1 + x) ≈ log 2 x when x 1. Note that this approximation only applies if the SINRs of the users are much larger than 1, i.e., all of them are in the high SINR regime. The relative error log 2 (1+x)−log 2 x log 2 (1+x) ≤ 1% holds for x ≥ 28.93. As 10lg28.93 ≈ 14.61 and log 2 29.93 ≈ log 2 28.93 ≈ 4.9, when the SINRs of the UEs are greater than 14.61 dB or the SEs of the users are larger than 4.9 bps/Hz, the approximation is considered satisfied within an acceptable error.
Proposition 2: For the C-MIMO system, in the high SINR regime, when the numbers of Tx and Rx antennas are large, the asymptotic SE of the UE k with polar coordinate (ρ k , δ k ) has the following alternative expression:
Proof: See Appendix A. As shown in Proposition 2, for the C-MIMO system, the spectral efficiencies (SEs) of the UEs close to the cell center are higher than those of the UEs approaching the cell edge. When the number of the UEs increases, as the average Tx power per user decreases, the UE's SE decreases. In practice, when the number of Tx/Rx antennas decreases, due to the fact that the channel does not meet the asymptotic orthogonality any more [36] , the SE of the UE becomes much lower, which results in the increase on the gap between R C,k and R C,k . However, when the numbers of Tx and Rx antennas are relatively large, the derived valueR C,k is very close to the exact one R C,k , which will be demonstrated in the simulation part. As the approximation expressionR asy C,k gives us an intuitive insight about the SE, we will use it for further analysis.
B. ASYMPTOTIC AVERAGE SPECTRAL EFFICIENCY OF THE CELL FOR THE C-MIMO SYSTEM
In previous subsection, we have analyzed the asymptotic rate of an arbitrarily located UE in the cell. In this subsection, we derive the asymptotic average rate of the cell, which indicates the average experience of user service. Assuming UEs are randomly and uniformly distributed in the cell, the user distribution meets the constraint that the shortest distance between the BS and UEs is d 0 , which satisfies 0 < d 0 R. Thus, the PDF of the UE's radius ρ k can be approximated as
The angle of the UE's location is uniformly distributed in [0, 2π ], i.e., δ k ∼ U [0, 2π ]. The following proposition on the asymptotic average SE of the cell, expressed asR C = E R asy C,k , is proved. Proposition 3: For the C-MIMO system, when the numbers of Tx and Rx antennas are large, the asymptotic average SE of the cell has the following expression:
− γ log 2 e − 0.065L + 0.125, (20) where
Proof: With uniformly distributed user location and the PDF of the UE's distance to the cell center in (19), we can get
is the asymptotic SE of the UE k with L k paths at distance x. Substituting (18) into (22), we have (20) can be finally obtained.
Proposition 3 shows that the asymptotic average SE of the cell decreases as the number of UEs increases. The minimal distance between a BS antenna and one UE is typically assumed to be d 0 = 1 m [30] , [37] . By using the condition R d 0 into (21), we have the approximation a 2 ≈ ln R − 1 2 . Therefore, the asymptotic average SE of the cell decreases with the increase of the cell radius.
Proposition 4: For the C-MIMO system, when the numbers of Tx and Rx antennas are large, the asymptotic SE of the UE and the asymptotic average SE of the cell have the following relation:
Proof: (18) and (20) we derived in Propositions 2 and 3, we have
When the normalized UE radius
Proposition 4 indicates that when the numbers of Tx and Rx antennas are large and the normalized UE radius is approximately equal to 0.61, the asymptotic SE of the UE is approximately equal to the asymptotic average SE of the cell. As the UE is away from the cell center, i.e., 
IV. ASYMPTOTIC ANALYSIS ON SPECTRAL EFFICIENCY OF THE D-MIMO SYSTEM
Theoretically, all RAUs in the D-MIMO system can take arbitrary locations and topologies. However, the optimization of RAU locations can be highly challenging. On the other hand, arbitrary RAU locations or the optimal topology may have prohibitive backhaul and installation cost. In real applications, it is more practical to consider manageable RAU topologies.
In this paper, we consider the D-MIMO system with circular layout as shown in Fig.1(b) , which have been considered in [12] and [30] . The circular antenna array layout needs less optical backhaul installation, and the implementation of circular layout expects less confliction with existing power lines and other civil structures underground and aboveground. Thus, compared with other simple designs, circular layout is expected to have a better performance. The D-MIMO system with circular layout takes advantage of the macrodiversity via distributed antenna array locations, and reduces the mmWave channel correlation. In addition, though the BPU can be located anywhere in the cell, it is assumed to be placed near one RAU to minimize the backhaul cost.
In this section, for the D-MIMO system with circular layout, we first analyze the upper bound on the asymptotic SE for an arbitrary UE, and then derive the upper bound on the asymptotic average SE of the cell assuming random and uniform user distribution. All the RAUs are uniformly distributed on a circle with radius r, which meets d 0 r < R and whose center is the same as the cell center. Therefore, the polar coordinates of the RAUs can be expressed as
And the distance d k,n from the nth RAU to the kth UE is calculated as [11] 
A. TWO PRACTICAL RAU SELECTION ALGORITHMS
In order to optimize the problem of RAU allocation and improve system performance for the D-MIMO system, two RAU selection algorithms, which are D-based and SINR-based schemes, are proposed in this subsection. The RAU selection is assumed to be performed at the BS side considering the implementation complexity and the UEs' hardware constraint. A principle that RAU selection must follow is that, each RAU serves only one UE while each UE uses only one RAU. For the D-based algorithm, the UEs select expected RAUs according to their priorities and distances. If possible, the UEs are preferred to select RAUs with minimal distances. Define D ∈ C K ×K as the distance matrix, in which [D] k,n = d k,n . First, the corresponding UE, who has minimum in D, has the highest priority to select the RAU with minimal distance. Then, ignoring this UE and its used RAU, i.e., ignoring the corresponding row and column in D, the next UE having the minimum in the remaining D, has the second highest priority to choose the related RAU under minimal distance principle. In a similar fashion, we finally get the RAU allocation scheme and the correction matrix M in the premise of following the principle of RAU selection. The process of D-based RAU allocation is given in Algorithm 1.
Algorithm 1 The D-Based RAU Selection Algorithm for the D-MIMO System
Find {i * , j * } = arg min
Update elements in the i * th row or j * th column of D to a , a > a. 7 : end for For the SINR-based algorithm, the UEs select the expected RAUs based on their priorities and SINRs. We define G ∈ C K ×KL as the SINR matrix, which meets L ≥ max L k,n , ∀k, n. The matrix G can be written as 
indicates no path. The SINR-based algorithm is described as follows. First, the corresponding UE, who has maximum in G, has the highest priority to select the RAU with maximal SINR. Then, ignoring this UE and the used RAU, i.e., ignoring the corresponding row and L columns in G, the next UE having the maximum in the remaining G, has the second highest priority to choose the related RAU with maximal SINR. In this analogy, we finally get the SINR-based RAU allocation result. The process of SINR-based RAU allocation is presented in Algorithm 2.
The HP algorithm with D-based scheme selects the n k th RAU for the UE k according to the large scale distance factor first, and then selects the i k th path of the channel between the n k th RAU and the UE k by leveraging the small scale channel gain. Unlike D-based scheme, once the HP algorithm with SINR-based scheme selects the maximal SINR ξ i k k,n k , both the RAU and the channel path used by the UE k are already known. Comparing Algorithm 1 with Algorithm 2, in order to obtain the used RAU and corresponding path, one UE needs to search no more than K 2 + L and K 2 L times using Algorithm 1 and 2, respectively. Therefore, the HP algorithm with D-based scheme requires less computational complexity than that with SINR-based scheme.
Algorithm 2 The SINR-Based RAU Selection Algorithm for the D-MIMO System
Find {i * , j * } = arg max
Update elements in the i * th row or ((p − 1) L + 1)th to (pL)th columns of G to b , b < b.
7: end for
As the SINR-based scheme utilizes the composite component of both large scale and small scale parameters, it is expected to provide better performance than the D-based one. On the one hand, since the large scale fading has a significant effect on the composite fading sub-channel matrix H D,k,n in (5) under different distance d k,n , the antenna will obtain more accurate channel state information (CSI) with a better large scale fading coefficient, and vice versa.
It should be pointed out that, as the SINR-based RAU selection algorithm chooses RAUs according to a composite parameter, we have no idea about its distribution, which results in the difficulty of statistical analysis for system performance. Thus, we adopt the D-based RAU selection algorithm to make further analysis.
B. ASYMPTOTIC SPECTRAL EFFICIENCY OF AN ARBITRARY USER FOR THE D-MIMO SYSTEM
In this subsection, we derive and analyze an upper bound on the asymptotic SE of an arbitrary user located in the cell for the D-MIMO system. Similar to the C-MIMO system, we use the approximation expression to replace the accurate expression. Then, we get
For the D-based scheme, no matter which RAU the UE selects, the item α
is always the maximum of path gains among L k,n k paths. Then, the expectation of
, which is the same as the C-MIMO system, is given by
Substituting it into (29), we reach
Compared (31) with (18), the distance between the kth UE and the BS is d k = ρ k in the C-MIMO system, while d k,n k is expected to be the minimum between the UE k and all RAUs in the D-MIMO system, i.e., d k,
When each UE uses the RAU which has the minimal distance with it, the distances change depending on the relative position of the UE and the RAU. In the best case scenario, when the angle δ k of the kth UE is equal to the angle ϑ n k of the selected RAU, i.e., δ k = ϑ n k , the distance between the kth UE and n k th RAU is minimal and d min k,n k = |ρ k − r|, which leads to an upper bound of the SE for the UE.
Proposition 5: For the D-MIMO system with circular layout and D-based scheme, an upper bound of the asymptotic SE for the UE k is given bȳ
Proof: Substituting the minimal distance d min k,n k into (31), (32) can be easily derived.
Assume the distance between the user j (j = k) and the RAU n k is d j,n k , which satisfies
One disadvantage of our developed D-based RAU selection algorithm is that, once the n k th RAU has been used by the highest priority users k, the user j cannot select its ideal n k th RAU any more. It has to choose one of the other unused RAUs that have relatively longer distances. Even so, no matter the user works with its ideal RAU or not, the result we derived in Proposition 5 is always true.
C. ASYMPTOTIC AVERAGE SPECTRAL EFFICIENCY OF THE CELL FOR THE D-MIMO SYSTEM
In the previous subsection, we have analyzed the upper bound on the asymptotic rate of an arbitrary UE located in the cell. In this subsection, we further derive an upper bound on the asymptotic average SE of the cell. Similar to the C-MIMO system, the UEs are assumed to be randomly and uniformly located in the cell. Since the minimal distance between a UE and a BS antenna is d 0 , the UEs can only locate outside the circle with radius r + d 0 or inside the circle with radius r −d 0 , the area of which is π (r
as the range for ρ k , i.e., ρ k ∈ ϒ, which is the radius of the UE k. The PDF of ρ k is given by [30] 
Similar to the C-MIMO system, based on (34) and Proposition 5, we can derive an upper bound on the asymptotic average SE of the cell in the D-MIMO system.
Proposition 6: For the D-MIMO system with circular layout and D-based scheme, an upper bound of asymptotic average SE of the cell has the following expression:
Proof: See Appendix B. Proposition 6 indicates that, when the number of users keeps constant and the number of total Tx antennas N T increases, the derived upper bound of the asymptotic average SE of the cell increases. When the number of total Tx antennas N T remains unchanged and the number of UEs grows, the upper bound of the asymptotic average SE decreases. However, as the number of RAUs increases, more and more users have shorter distances with their used RAUs, which results in the reduced gap between the average SE of the cell and the derived upper bound.
V. NUMERICAL RESULTS
In this section, we present and discuss ensuing simulation results, compared with numerical ones pertaining to the analysis developed previously. We assume the carrier frequency f = 28 GHz, the cell radius R = 200 m, the minimal distance between the user and a BS antenna When K = 8, Fig.3 presents the SE of an arbitrary user in the C-MIMO system w.r.t the users' normalized radius for different multiplications of the two numbers of Tx and Rx antennas N T ×N r = 128×16, 128×64, 512×64. It is shown in Fig.3 that, the simulation results agree perfectly with the numerical results computed by (14) in Proposition 1 and (18) in Proposition 2. As the number of Tx/Rx antennas becomes large, the gap between the derived and simulated results decreases. It is also illustrated in Fig.3 that, the approximation condition x 1 for Proposition 2 can be easily satisfied even for the users at the edge of the cell, whose SEs are much greater than 4.9 bps/Hz. For comparison, the asymptotic average SEs of the cell and the single-user rate (i.e., no interference) are also plotted in this figure. It is observed that, when the numbers of Tx and Rx antennas are large and the user's normalized radius ρ k R ≈ 0.61, the asymptotic SE of the UE is equal to the asymptotic average SE of the cell, which agrees with the conclusion derived in Proposition 4. Moreover, when the numbers of Tx and Rx antennas are large, the simulated SE of the user is very close to the single user upper bound.
In Fig.4 , we compare the SE of an arbitrary user in the D-MIMO system with different RAU selection schemes. It is shown that, when the user is very close to the circle on which RAUs are distributed, the item log 2 |ρ k − r| in (32) tends to negative infinity, which leads to an extremely high value in the upper boundR U D,k . This figure also illustrates that the SINR-based scheme outperforms the D-based scheme and the scheme without selection, which agrees with our previous analysis and proves the effectiveness of our proposed schemes. In addition, the D-MIMO system using the D-based scheme achieves very-similar performance compared the one using SINR-based scheme while requiring less complexity. numbers of users. It is shown that, the users close to the cell edge in the D-MIMO system have better performances than those in the C-MIMO system, which illustrates that the D-MIMO system can improve the performances of users far from the cell center. When the users' number is large and the users' normalized radius It is shown that, when the numbers of Tx and Rx antennas are large for the C-MIMO system, the simulation results agree with the numerical ones computed by using (20) in Proposition 3. Fig.7 shows the average SEs of the cell for systems under different numbers of users when N T = 4200. It is illustrated that, with the increase of the users' number, VOLUME 6, 2018 the performances of the D-MIMO system with D-based and SINR-based schemes are approaching the derived upper bound in (35) , which agrees with our analysis for Proposition 6. Both Fig.6 and Fig.7 indicate that, the D-MIMO system with D-based/SINR-based RAU selection algorithm gains the better performance compared with the C-MIMO system, while requiring less implementation complexity. Moreover, the D-MIMO system using D-based algorithm achieves very-close performance compared with the system using SINR-based one, while requiring less computational complexity. It is also shown in Fig.7 that, in the D-MIMO system, the advantage of the selection algorithms becomes dominant with the increase of the number of users.
For the D-MIMO systems using our proposed Algorithms 1 and 2, while obtaining the used RAU and corresponding path for each UE, the average search times of D-based and SINR-based RAU selection schemes under different numbers of users are evaluated in Fig.8 . It is observed that, compared with the SINR-based selection algorithm, the D-based one can significantly reduce the average search times, especially for the case of large number of users. This is consistent with our theoretical analysis. 
VI. CONCLUSIONS
This paper has considered downlink multi-user mmWave massive MIMO systems in both centralized and distributed schemes. Based on the composite fading channel model where both large scale fading and small scale fading were accounting for, a hybrid precoding algorithm leveraging antenna array response vectors was applied into both the C-MIMO system with FCS and D-MIMO system with PCS. Two practical RAU selection algorithms based on minimal distance and maximal SINR were proposed for the D-MIMO system. The spectral efficiencies of mmWave massive MIMO systems in both centralized and distributed settings were analytically investigated. Numerical results assessed our analytical results and examined the impact of the number of total transmit antennas, the number of users and the location of the distributed antenna arrays on system performance. Simulation results showed that the D-MIMO system with D-based RAU selection algorithm can outperform the C-MIMO system and have almost the same performance as the one with the SINR-based solution while requiring less complexity. The proposed system model, the developed analysis and the obtained results, thanks to their generality and compactness, can serve as a practice reference for designing and analyzing performances of mmWave massive MIMO systems in real physical propagation environments. Based on these results in this paper, the distributed antenna architecture appears to be an effective way of improving the average experience of user service in the system. As a future work, it is of interest to investigate further the multi-cell scenario. By using (16) , the last item in (37) can be written as 
where (a) results from Substituting (40) and (41) into (39), we can obtain
With a similar method to prove Proposition 3, (35) can be finally obtained by using (42).
